Side view of the GP metasurface consisting of four layers: substrate, PC-like dielectric, graphene monolayer, and top-gate dielectric, wherein the gate voltage V g is used to adjust the carrier concentration in graphene. The PC-like dielectric layer holds two dielectrics with unequal relative permittivities of rb1 (purple) and rb2 (grey).
Although suspending the graphene above the substrate leads to a substantial improvement in device quality, this geometry imposes severe limitations on device architecture and functionality [S1, S2] . There exists an inevitable influence on the expected intrinsic properties of graphene when a substrate-supported geometry is designed [S3] . The underlying principle of our method is exactly dependent on the PC-like dielectric substrate underneath graphene sheet. Figure S1 shows the side-view illustration of the proposed GP metasurface. It can be clearly seen that the PC-like dielectric substrate is designed with an extremely flat surface, which is similar to the uniaxial substrate (a 1D PC) in a recent report [S4] . The perfectly flat PC-like dielectric substrate hardly affects the intrinsic properties of graphene, for example, mobility. In our simulations, a mobility of 60,000 cm 2 V -1 s -1 i s c h o s e n t o r e a l i z e t h e high-performance devices. From the aspect of experiments, surrounding graphene sheet with a several-nm-thick boron nitride (BN) layer is an efficient approach for the preservation of high mobility [S3, S5] . Due to the relative larger decay length of graphene plasmons ( p /2 h undreds of nm) at THz frequencies, the functionality of the proposed metasurface is not affected by the BN layer [S6, S7] . In order to achieve the effective index from FDTD simulation, a GP metasurface as shown in Fig. 2(a) is implemented using FDTD method. In our model, the 12×3 array of unit cell (with two types of graphene as shown in the inset of Fig. 2(b) ) is considered. The unit cell size is always kept below one-third of the minimal GP wavelength. The frequency of excitation light is fixed at 5 THz ( 0 =60 m). Figure S2 validates the EMT approximation used in our model. From the aspect of EMT, once the metasurface is designed at the frequency of 5 THz, there is an upper limit for the higher frequency where the EMT stops working if the GP wavelength is reduced to a value comparable to the unit cell size. However, as the frequency decreases from 5 THz, the GP wavelength becomes even larger than the unit cell, and the EMT works in a better condition.
The calculation of effective refractive index from FDTD simulation
Therefore, it can be viewed as homogeneous to a good approximation within a unit cell, especially for lower frequencies.
The four-lens system as a 2D cloak based on four GP Luneburg lenses
The four-lens system consists of four Luneburg lenses with the rims touched together and the centre located at the vertexes of a square. Figure S3 (a) shows the ray tracing of the system, in 4 which the background is the 2D effective refractive index map. It is found that when a plane wave incidents from the left port the output is still a plane wave and the light goes around the central area, which means an invisible area (in the white dashed line). The simulated results in Fig. S3 (b) agree well with the analyses and demonstrate that a 2D cloak can be achieved with this system. As is well known, the electrical tunability renders graphene a promising alternative to optoelectronic devices. Consequently, the invisible area may be suitable for hiding an electrode without disturbing the performance of devices. 
